An approach for wideband radar cross section (RCS) reduction of a microstrip array antenna is presented and discussed. The scheme is based on the microstrip resonators and absorptive frequency selective surface (AFSS) with a wideband absorptive property over the low band 1.9-7.5 GHz and a transmission characteristic at high frequency 11.05 GHz. The AFSS is designed to realize the out-of-band RCS reduction and preserve the radiation performance simultaneously, and it is placed above the antenna with the operating frequency of 11.05 GHz. Moreover, the microstrip resonators are loaded to obtain the in-band RCS reduction. As a result, a significant RCS reduction from 1.5 GHz to 13 GHz for both types of polarization has been accomplished. Compared with the reference antenna, the simulated results exhibit that the monostatic RCS of the proposed array antenna in -and -polarization can be reduced as much as 17.6 dB and 21.5 dB, respectively. And the measured results agree well with the simulated ones.
Introduction
With the rapid development of the defense electronics and advanced detection technology, much attention has been paid to the reduction of radar cross section (RCS). For a lowobservable platform, antennas are the main contribution to the total RCS [1] . Not all common approaches to reduce RCS are suitable for antennas on account of its feature to radiate and receive electromagnetic wave effectively. Thus it is a challenge to realize a remarkable RCS reduction and preserve the radiation characteristic simultaneously.
Several methods have been proposed in literatures to reduce the RCS of antenna. Shaping the radiation patch or ground plane [2, 3] is one way to obtain the low RCS antennas, while the RCS reduction is usually in a relatively narrow frequency band and the reduction effect is not ideal. With the random or ladder arrangement of antenna array elements [4, 5] , the RCS of antenna array can be reduced, which provides an effective method to reduce the RCS of multielement arrays. The reactive impendence surface (RIS) is introduced in [6] [7] [8] and a two-layer mushroom-like RIS is presented in [9] to realize the antenna miniaturization and improve the radiation performance. And the mushroom-like structures also can be utilized to reduce RCS of patch antenna arrays [10] . Chessboard configurations of the perfect electric conductor (PEC) and artificial magnetic conductors (AMC) obtain a 180 ∘ (±30 ∘ ) phase difference of the reflected waves in a narrow band, realizing the RCS reduction in the corresponding band. By replacing the PEC and AMC with two different AMC cells, 180 ∘ (±30 ∘ ) reflection phase difference is obtained in a broadband frequency region, achieving the wideband RCS reduction [11] . Another approach based on the principle of passive cancellation is the implementation of the polarization conversion metasurfaces [12] [13] [14] . With the proper arrangement of the polarization conversion metasurfaces cells, 180 ∘ (±30 ∘ ) phase difference of the reflected waves can be realized, thus reducing the RCS.
The radar absorbing material (RAM) absorbs the incoming wave and converts the energy into heat, but the antenna radiation performance will be affected. Frequency selective surface (FSS) is widely employed as a band-pass radome to deflect the out-of-band signals away from the threat angular domain [15, 16] , or a band-stop ground plane of antennas to reduce out-of-band RCS [17] . However, FSS is only suitable 2 International Journal of Antennas and Propagation for out-of-band RCS reduction. In 1995, a concept of absorptive/transmissive radome was presented [18] , combining the resistive absorber with a band-pass FSS at the bottom. Instead of reflecting the electromagnetic wave, the out-ofband energy is consumed with the resistors, and the in-band signal is transparent with little loss. Different designs of the absorptive/transmissive radome composed of the resistive layer and band-pass FSS were proposed [19] [20] [21] [22] . In [19, 20] , the absorptive/transmissive radome has a lower pass-band and a higher wide absorbing band. In [21, 22] , the absorptive frequency selective surface (AFSS) with the absorbing band locating lower than the transmission band is introduced, but the designs are polarization dependent because of the asymmetric structure. A planar stealthy radome composed of AFSS is applied to a microstrip antenna to absorb the outof-band electromagnetic waves, not considering the in-band RCS reduction [23] .
In this paper, a low RCS microstrip array antenna based on the AFSS and microstrip resonators is presented. The design of the AFSS is introduced in Section 2. Different from the AFSS in [21, 22] , the proposed AFSS has the advantage of polarization stability and wider absorbing band. In order to illustrate the effect of AFSS, reference antenna only with AFSS placed above it is analyzed in Section 3, reducing the out-of-band RCS. Then, reference antenna loaded with AFSS and microstrip resonators is presented in Section 4, realizing a wideband RCS reduction from 1.5 GHz to 13 GHz forand -polarization. The prototypes of reference and proposed antenna are fabricated and measured to verify the reliability and performance of the proposed design. All simulation works are accomplished by using Ansoft's High Frequency Solution Solver (HFSS) software.
AFSS Design
Traditional absorber consists of a resistive absorbing layer, substrate layer, and metal reflection plate. By replacing the metal reflection plate with a band-pass FSS, an AFSS can be designed. The proposed AFSS realizes a wide absorptive property over the low band and a good transmission characteristic at high frequency. At high frequency, the same as the resonant frequency of band-pass FSS, the absorber does not work and the signals can transmit. In low frequency band, the absorbing layer resonates and the band-pass FSS acts as the ground plate.
The schematic view of the proposed AFSS unit is shown in Figure 1 . It consists of a resistive absorbing layer and a band-pass FSS layer separated by a PMI foam with the permittivity closed to air and thickness of ℎ = 14 mm. The resistive layer and FSS layer are printed on the substrates with the permittivity of 2.2 and thickness of 0.254 mm. It is worth mentioning that the proposed AFSS gains some advantages over the AFSS in the existing literatures, such as polarization stability and wider absorbing band. The design of the resistive absorbing layer is introduced as follows.
The square-ring-shaped structure is widely utilized to design the metamaterial absorber [24] [25] [26] [27] , and the equivalent circuit model for arrays of square loops is introduced in [25, 28] . Based on the structure in [25] , the structure of the resistive layer in the submitted paper is proposed. The meandering metal lines are designed to realize the miniaturization. The design guidelines of a wideband absorber are introduced in [26] . Following the steps in [26] , the resistive layer dimensions can be determined. The detailed parameters of the proposed AFSS are presented in Table 1 . Besides, resistance 1 and resistance 2 in Figure 1 are optimized for optimum frequency responses, which are 10 Ohms and 43 Ohms, respectively. The equivalent circuit model of the proposed resistive absorbing layer with metal reflection plate named absorber is presented in Figure 2 . 0 and in are the intrinsic admittance of air and the input admittance of the absorber, respectively. To verify the validity of the equivalent circuit model, the reflectivity performance of the absorber by the circuit model against HFSS software is compared, illuminated in Figure 3 An important step in the FSS design is the choice of the element form, which affects the operating bandwidth and polarization stability of FSS. Generally, various FSS can be applied in the AFSS design if the FSS satisfies two characteristics: (1) in the transmission band, the insertion loss of the AFSS should be as small as possible for the effective transmission of signal; (2) in the absorbing band, the reflection property of the FSS should be as close as possible to the metal plate. The band-pass FSS element dimensions are determined using FSS design theory [29] . Considering the effect between the absorbing layer and FSS layer, the array and spacing of FSS element are optimized to realize the lower insertion loss. The performance of the proposed AFSS is analyzed both in receiving and in transmitting mode. The receiving mode refers to a plane wave irradiating on the absorbing side. The transmitting mode means that the antenna is radiating towards the band-pass FSS side. The receiving and transmitting mode are introduced in Figure 4 . When the AFSS works in the receiving mode, a strong current will be induced on the absorbing layer and the energy is consumed with the lumped resisters. Thus the RCS reduction can be realized. In the transmitting mode, the operation frequency of the antenna is the same as the resonant frequency of band-pass FSS, preserving the radiation characteristics of the antenna.
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The reflection and transmission coefficients of the AFSS in receiving and in transmitting mode are shown in Figure 5 . From Figure 5 (a), it can be seen that the −10 dB absorption band is 1.9-7.5 GHz, and the transmission frequency is 11.05 GHz with the insertion loss of 0.8 dB. In Figure 5 (b), the reflection coefficients over the low band in transmitting mode are undoubtedly different from the one obtained in receiving mode. The reason is that the FSS acts as the metal plate over the low band and the energy is totally reflected. From allowing the antenna to receive or transmit signal within its working frequency band. Besides, the plots underand -polarization completely overlap, showing an excellent polarization stability. The surface current and field distributions at two resonant frequencies under normal incidence are illustrated in Figure 6 . As shown in Figures 6(a) and 6(b) , the current directions on the absorbing surface and the FSS surface are antiparallel. These antiparallel currents on the two layers create the magnetic flux and provide the magnetic resonances. From Figures 6(a) , 6(c), and 6(d), the current density distribution is consistent with the magnetic field intensity distribution. That is to say, the places with the higher surface current distribution have the greater magnetic field intensity. However, the electric field intensity distribution and the current density distribution follow the opposite trend. The start and end points of the surface current are located in the places where the electric energy density is the highest. The strong electromagnetic absorption properties result from the combined effect of electric and magnetic excitation [30] .
Based on the above results, one can deduce that the proposed AFSS could reduce the out-of-band RCS remarkably and preserve the radiation performance of the microstrip antenna at the same time.
Integrated Design of Antenna and AFSS
In order to verify the effect of the proposed AFSS on out-of-band RCS reduction, the AFSS is placed above a microstrip array antenna, which is the reference antenna with the operation frequency of 11.05 GHz. The schematic diagrams of the reference antenna and the reference antenna with AFSS named Antenna2 are depicted in Figure 7 . The reference antenna with the dimension of = 66 mm and = 56.6 mm is four-element microstrip array fed by the microstrip power divider. The microstrip array element and microstrip power divider are printed on the dielectric substrate with the thickness of 1.5 mm and the relative permittivity of 2.65. The AFSS is placed above the reference antenna at a distance of 1. Considering the overall dimension of reference antenna, the AFSS is a finite structure with 3 × 3 resistive absorbing cells and 12 × 12 band-pass FSS cells on each side. Table 2 exhibits the detailed parameters in Figure 7 .
The simulated and measured radiation performances of the reference antenna and Antenna2 are presented in Figure 8 . As shown in Figure 8(a) , the resonant frequency of Antenna2 is slightly lower than that of the reference antenna and the −10 dB bandwidth is wider than the reference antenna. Specifically, the relative bandwidth (| 11| ≤ −10 dB) of the reference antenna and Antenna2 is 5.5% and 6.4%, respectively. The measured | 11| has a small shift from the simulated one. This is mainly due to the fabrication tolerance and measurement uncertainty. In Figures 8(b) and 8(c) , we can draw a conclusion that the radiation patterns of Antenna2 do not degrade obviously, and the gain loss in the normal direction ( -axis) is 0.8 dB due to the energy consumption with AFSS above the reference antenna. Besides, the measured results agree well with the simulated ones. The simulated and measured monostatic RCS of the two antennas irradiated by -and -polarization waves are exhibited to validate the effect of RCS reduction. plots the RCS curves versus the frequency for a normal incident plane wave. Figure 9 indicates that a remarkable out-of-band RCS reduction is realized with the help of AFSS, and the monostatic RCS in -and -polarization has been reduced as much as 18.0 dB and 24.2 dB, respectively. The measured and simulated monostatic RCS have small differences, while good agreement can be found. The 3D scattered fields of the two antennas at 4.0 GHz are displayed in Figure 10 . Due to the absorbing characteristic of the AFSS, the scattered energy in the region of > 0 is significantly reduced, so that the monostatic RCS in the normal direction can be reduced and the bistatic RCS can be controlled in a certain angle.
The reference antenna with AFSS placed above it can reduce the out-of-band RCS of the reference antenna, while the approach is not effective in reducing the in-band RCS. In order to reduce the in-band RCS, Antenna2 is loaded with microstrip resonators, described in the next section.
Integrated Design with Microstrip Resonators
As we all know, microstrip resonators are widely used in the field of microwaves. These microstrip resonators, fed as radiators, are the so-called microstrip antennas. A simple and useful theory using cavity model has been used to analyze the microstrip resonator antennas [31, 32] . According to the cavity model, the resonant frequency of the rectangular resonator can be calculated by
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The reference antenna with microstrip resonators is shown in Figure 11(a) , and the reference antenna with AFSS and microstrip resonators named Antenna3 is exhibited in Figure 11(b) . As shown in Figure 11 (a), the microstrip resonators and the radiation patch are on the upper side of the dielectric substrate, and the microstrip resonators with the same size are marked with the same number; detailed parameters are shown in Table 3 . The resonant frequencies of resonators 1, 2, and 3 are different to obtain a wider RCS reduction.
The current distributions on the surfaces of the resonators and the ground plane for a normally incident -polarized wave at 11 GHz are shown in Figure 12 . It is observed that the current distributions on the microstrip resonators and the ground plane are in the opposite direction, which indicates a 180 ∘ reflection phase difference between them. It proves that scattering field of the resonators can cancel the scattering field of the ground plane. The resonators can reduce the in-band RCS based on the principle of passive cancellation. The simulated and measured radiation properties of the reference antenna and Antenna3 are plotted in Figure 13 . Considering the results in Figures 8(a) and 13(a) , the slight shift of the resonant frequency and the increase of the −10 dB bandwidth are due to the influence between the antenna and AFSS. Besides, the resonance depth of | 11| is better and the impedance matching is improved, owing to the coupling between the microstrip resonators and the radiation patch. the measured results are in good agreement with the simulated ones. The comparison of monostatic RCS between the reference antenna and Antenna3 is displayed in Figure 14 . In Figure 14 , a notable RCS reduction from 1.5 GHz to 13 GHz for both types of polarization has been accomplished. Compared with the results in Figure 9 , the in-band RCS reduction is improved, and the RCS of Antenna3 in -and -polarization can be reduced as much as 17.6 dB and 21.5 dB, respectively. The reasons for the difference between simulated and measured results are fabrication tolerance and the measurement setup.
Conclusion
A polarization independent and wideband RCS reduction method of microstrip array antenna is proposed. The AFSS with absorptive property over low band 1.9-7.5 GHz and transmissive performance at 11.05 GHz is utilized to reduce the out-of-band RCS and maintain the radiation performance at the same time. Moreover, the microstrip resonators are employed to obtain the in-band RCS reduction. Consequently, an excellent RCS reduction from 1.5 GHz to 13 GHz for both types of polarization is achieved, and the monostatic RCS of the proposed array antenna in -and -polarization can be reduced as much as 17.6 dB and 21.5 dB, respectively. With these outstanding features, the proposed approach is effective and has potential for antenna stealth designs in low RCS platforms.
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